Asthma during pregnancy poses a common, increasingly prevalent threat to the health of women and their children. The present article reviews recent insights gained from the epidemiology of asthma during pregnancy, demonstrating the many short-and long-term risks to mother and fetus incurred by poorly controlled maternal asthma. We further discuss emerging evidence that active management of asthma during pregnancy can positively influence and perhaps completely mitigate these poor outcomes. Recent high-quality trials examining best methods for asthma treatment are reviewed and synthesized to offer an evidence-based pathway for comprehensive treatment of asthma in the outpatient setting. Safe and effective medications, as well as nonpharmacologic interventions, for asthma during pregnancy are discussed, and treatment options for related conditions of pregnancy, including depression, rhinitis, and gastroesophageal reflux, are presented. Throughout, we emphasize that an effective treatment strategy relies on a detailed patient evaluation, patient education, objective measurement of asthma control, and frequent and supportive follow-up. The cardiovascular and respiratory physiology of pregnancy is reviewed, as well as its implications for the management of patients with asthma, including patients requiring intubation and mechanical ventilation. For the situation when outpatient asthma management has failed, an approach to the critically ill pregnant patient with status asthmaticus is detailed. Multidisciplinary teams that include pulmonary specialists, obstetricians, primary care providers, nurses, pharmacists, and asthma educators improve the care of pregnant women with asthma.
of the fetus, placenta, and mother, and to prepare the mother for delivery (Table 1) . 1, 2 These changes include an increase in cardiac output, stroke volume, and heart rate. 1 The gravid uterus causes a significant fall in cardiac output in the supine compared with left lateral position in the third trimester, due to compression of the vena cava and decreased venous return. This change is clinically important for the care of pregnant women, who benefit hemodynamically from left lateral positioning. 3 Respiratory changes 2 include an increase in minute ventilation that occurs primarily by an increase in tidal volume but not respiratory rate, resulting in a compensated respiratory alkalosis. Pregnancy also affects chest wall compliance with a fall in functional residual capacity as pregnancy progresses. Increasing dyspnea in late pregnancy is associated with a reduction in expiratory reserve volume, 4 although an increase in inspiratory capacity results in total lung capacity remaining in the normal range. Healthy pregnant women show no change in FEV 1 and a very modest increase in FVC, approximately one-tenth of 1 L, after 14 to 16 weeks' gestational age, and no significant change in the FEV 1 /FVC ratio throughout pregnancy. 5 Therefore, in pregnant women with asthma, any decline in these spirometric parameters should be concerning.
Oxygen delivery to the fetus depends on uterine artery blood flow and maternal oxygen content. 6 Because uterine artery blood flow is near maximal at baseline, the fetus is critically dependent on adequate maternal cardiac output for optimal oxygen delivery. Maternal fetal oxygen transfer occurs by an elegant concurrent exchange mechanism, with the difference in oxygen tension between the maternal and fetal circulations in the placenta determining oxygen transfer. Thus, maximization of maternal oxygen saturation and maintenance of maternal cardiac output best ensures appropriate fetal oxygen delivery when maternal respiratory compromise occurs.
Renal and GI adaptations to pregnancy affect the absorption and clearance of medication by increased plasma volume and glomerular filtration rate, and decreased albumin and gastric motility. 7 Higher and/or more frequent dosing of medications may be indicated depending on the mechanisms of metabolism and clearance. It is important to recognize that the placenta is not a barrier, and most medications cross the placenta.
Epidemiology
In the United States, 5% to 8% of pregnant women have asthma, and the prevalence of asthma is increasing. 8, 9 Worldwide, asthma affects 2% to 13% of pregnancies. 10, 11 Asthma is the most common respiratory condition of pregnancy, with increasing health-care utilization and cost. 12 The relationship between asthma status and pregnancy outcomes is complex, in part due to higher rates of smoking, obesity, and other comorbidities in patients with asthma that are independently associated with higher maternal and fetal obstetric risk. 9 Studies that control for these and other important variables are best suited to measure the true impact of asthmatic airway physiology and asthma treatment strategy on obstetric outcomes. Differences in study design, reference populations, asthma phenotypes, and evolving treatment regimens have led to conflicting reports. The present review highlights findings from large, mainly contemporary studies that summarize common and demonstrable asthma-related risks of pregnancy (Table 2) . 9, [13] [14] [15] [16] [17] [18] [19] [20] [21] Maternal Outcomes
Asthma is strongly associated with preeclampsia, Asthma severity is associated with some adverse obstetric outcomes but not others; risk of cesarean delivery is higher for patients with severe asthma vs mild asthma. 15 A large cohort study of > 15,000
Canadian women with asthma found an increased risk of spontaneous abortion. 19 The key question of whether asthma treatment can affect poor obstetric outcomes was addressed in a meta-analysis by Among pregnant patients, the frequency and severity of respiratory viral infections are higher for those with asthma. In a survey of 285 pregnant patients, 71% of women with asthma compared with 46% of women without asthma had at least 1 common cold during pregnancy. 22 Among all pregnant women, influenza is associated with increased morbidity; during pandemic influenza infections, increased mortality is also observed, especially in the second trimester. 23 These risks are even higher for pregnant patients who have asthma. In a matched cohort study of 297 pregnancies with hospital admission for respiratory symptoms during influenza season, asthma was the most important risk factor for admission, and the adjusted OR for admission among those with asthma was a striking 10.63 (95% CI, 8.18-13.81); confirmation of pulmonary infection was documented in fewer than one-half of cases, however. 24 Over nine nonpandemic seasons, asthma was the most important risk factor for hospitalization due to respiratory cause among pregnant patients. 25 During the H1N1 pandemic season, asthma was the most common comorbidity (present in 23% of cases) reported in pregnant women who developed influenza A infection, and 44% of pregnant women who died of H1N1 influenza had asthma. 26 Just as asthma affects pregnancy outcomes, pregnancy affects asthma. Pregnancy is associated with new-onset asthma and, in patients with preexisting disease, the severity of asthma can worsen during pregnancy.
27,28
Kircher et al 29 found that day-to-day disease control was worse during pregnancy for 36% of patients with asthma. Asthma exacerbation rates are higher during pregnancy, particularly for patients with a history of severe asthma. In a study of 1,739 patients, 52% of those with severe asthma experienced an exacerbation during pregnancy, compared with an exacerbation rate of 26% for those with moderate asthma and 13% for those with mild asthma. 28 Triggers for exacerbations include treatment nonadherence and viral infections. 16, 30 Exacerbations of asthma, especially when severe enough to warrant hospitalization, are associated with increased rates of maternal complications. 16 As highlighted in the following discussions, they also have an impact on fetal outcomes.
Poorly Controlled Maternal Asthma Results in Poor Pediatric Outcomes
Pediatric complications associated with poorly controlled maternal asthma are numerous and longlasting, including low birth weight and small-forgestational-age infants, 13, 21 with the risk of low birth weight increased with increasing asthma severity. 13 A large cohort of 36,587 women with asthma has also Another meta-analysis of studies from 1975 to 2012 found that maternal oral corticosteroid use was associated with low birth weight and preterm delivery, with moderate to severe asthma associated with increased small-for-gestational-age infants. 18 A recent prospective cohort study highlighted recurrent uncontrolled asthma as a greater contributor to poor perinatal outcomes than exacerbations. 31 This study defined recurrent uncontrolled asthma as an Asthma Control Questionnaire (ACQ) score > 1.5 on two or more occasions. The same study observed a remarkable effect when pregnancies were stratified according to fetal sex: women pregnant with female fetuses were at increased risk for small-for-gestational age infants, whereas male fetuses had a tendency toward preterm birth. This clinical observation is supported by translational science elucidating how the placenta and growing fetus can adapt to early pregnancy stress, such as uncontrolled asthma, in a sex-specific manner.
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While future research illuminates these biological mechanisms, the study by Grzeskowiak et al 31 highlights the need to seek good daily control of asthma during the course of pregnancy, rather than simply focusing on exacerbation prevention and management.
Childhood Asthma Risk Is Mitigated by Maternal Asthma Control
Children born to mothers with asthma are more likely to have asthma themselves. Murphy et al 33 followed up a cohort of 42 women with asthma who reported respiratory symptoms during pregnancy, 26 of whom had polymerase chain reaction-confirmed viral respiratory infection. Infants of these women were significantly more likely to have wheezing symptoms, treatment with albuterol, and eczema reported by their parents at 12 months, compared with infants of asthmatic mothers without laboratory-confirmed prenatal viral infection. Importantly, in a follow-up study of women who completed a randomized controlled trial of asthma intervention, 34 Mattes et al 35 showed that reducing exacerbations during pregnancy resulted in fewer episodes of bronchiolitis in the infants at 12 months vs standard maternal asthma management (OR, 0.08). Infants from this cohort exhibited significantly different peripheral blood DNA methylation compared with infants whose mothers did not have asthma. 36 Further research is needed to elucidate the impact of such fetal epigenetic modifications as well as placental adaptations 32 to the stress of maternal asthma.
Treatment

Asthma Management Improves Maternal and Fetal Outcomes
Excellent prenatal care with attention to maintaining asthma control is the cornerstone to achieving improved maternal and fetal outcomes ( 38 Further exploration of telehealth is needed to determine if it can affect morbidity and mortality associated with asthma in pregnancy.
Several other studies have been conducted to determine the best treatment algorithm and best individual to lead the treatment team. The Multidisciplinary Approach to Management of Maternal Asthma (MAMMA) study followed up 60 women randomized to a pharmacist-led intervention group vs usual care and was successful in decreasing the ACQ score but not hard end points, including oral corticosteroid use, hospitalization, emergency visits, or days off work. 39 A prospective cohort study testing a nurse-led asthma management service reported a decrease in the RR of exacerbations but only a near-significant trend toward exacerbation rate reduction and controlled asthma after two or more visits. 40 A double-blind, randomized controlled trial of active asthma management using a treatment algorithm guided by fractional exhaled nitric oxide measurement succeeded in improving exacerbation rates (0.288 vs 0.615 per pregnancy), maternal quality of life, and neonatal hospitalization rates (8% to 17%). 34 Taken together, these studies show that a diverse group of providers can be involved in asthma interventions which improve symptom control and maternal quality of life. Treatment approaches that incorporate quantitative data, such as fractional exhaled nitric oxide, have been most successful at reducing exacerbations and hospitalizations. Further studies using randomized controlled designs are needed.
Medication Discontinuation and Safety
Data from the National Health and Nutritional Examination Survey show that pregnant women report much less frequent use of albuterol than nonpregnant women of the same age, suggesting medication discontinuation during pregnancy. 41 Medication discontinuation may be due to excessive perceived teratogenic risk, which in one survey of mothers with asthma was estimated at 42% for oral corticosteroids, 12% for ICS, and 5% for short-acting beta-agonists (SABAs). 42 Women who reduce their asthma medication use during pregnancy are twice as likely to experience increased days of wheeze (OR, 2.17), particularly in areas of high nitrogen dioxide air pollution and in warm months. 43 Enrollment in an asthma management program with monthly visits increased asthma control and medication adherence, measured according to a prescription fill rate, from 28% to 46%, although the same women self-reported adherence rates of up to 73%. 44 In terms of counseling regarding medication safety, it should be noted that the US Food and Drug Administration has updated its pregnancy and lactation labeling guidelines. As of June 30, 2015, the pregnancy letter categories A, B, C, D, and X have been removed in favor of a descriptive label format.
Treatment of Related Symptoms and Comorbidities
Atopy and Allergy
National Asthma Education and Prevention Program guidelines 45 suggest counseling on lifestyle modifications for women with allergic and atopic asthma, including avoidance of animal dander, house dust mites, cockroaches, pollens, and indoor mold. Specific interventions include encasement of mattress and pillows in an allergen-impermeable cover, washing bedding weekly in water > 130 F, reduction of indoor humidity to < 50%, and removal of carpeting and pets ideally from the home but at a minimum from the bedroom. All women with asthma and all pregnant women should avoid tobacco smoke and reduce exposures to pollutants and irritants, including wood-burning stoves and fireplaces, unvented stoves or heaters, perfumes, cleaning agents, and sprays. Traffic pollution, especially preconception and in the first trimester, is associated with a higher Interestingly, IT-induced IgG antibodies cross the placenta, 55 and higher IgG to inhaled allergens in cord blood is associated with less atopy in children. 56 However, the theoretical advantage of IT for preventing allergy and asthma in offspring has not been proven and is a topic of ongoing research. 57 
Rhinitis
Hormonal changes during pregnancy can produce nonallergic rhinitis. Rhinitis occurs in 65% of pregnant women with asthma and is associated with poor asthma control and quality of life. 58 Women with allergic rhinitis benefit from trigger avoidance, intranasal lavage with hypertonic saline solution three times daily, 59 and intranasal corticosteroid sprays.
Intranasal corticosteroid sprays are ineffective in nonallergic rhinitis of pregnancy, 60 although other forms of rhinitis are responsive to corticosteroids. Intranasal corticosteroids are safe in pregnancy, with some clinicians choosing intranasal budesonide over others because of the safety data available. No change in pregnancy outcome was seen in a trial of pregnant women using intranasal fluticasone.
60
Leukotriene receptor antagonists such as montelukast are generally accepted as safe. 45 Intranasal antihistamines or oral second-generation antihistamines, including cetirizine or loratadine, are also considered safe. 61 Local vasoconstriction with oxymetazoline can be used, at usual dosing and for # 3 days to avoid rebound rhinitis. However, oral decongestants such as pseudoephedrine and phenylephrine should be avoided, especially in early pregnancy, as their systemic vasoconstriction has teratogenic effects. 62 
Gastroesophageal Reflux Disease
Gastroesophageal reflux disease exacerbates asthma 63 and is more severe in pregnant women with asthma compared to pregnant women without asthma. 64 First-line treatment is lifestyle modifications, including elevation of the head of the bed and avoidance of trigger foods and eating before bedtime. Antacids such as sucralfate, followed by a histamine 2 -receptor antagonist such as ranitidine, may be used. Sodium bicarbonate is generally avoided due to concerns regarding metabolic alkalosis. Proton pump inhibitors may also be considered. 65 
Depression
Compared with women with asthma who do not report depression, women with self-reported depression and anxiety have an increased likelihood and incidence of uncontrolled asthma in pregnancy, although their exacerbation rate remains unchanged. 66 Depression screening and treatment are indicated in all women regardless of asthma or pregnancy status. The effect of depression treatment on asthma outcomes in pregnant women has not been studied.
Treatment of Asthma With Preventive Medications
The pharmacologic cornerstone of tightly controlled asthma rests upon titration of ICS and long-acting beta-agonist (LABA) inhalers, judicious use of oral corticosteroids, and appropriate continuation of adjunct therapies (Tables 4 and 5 ). Significant teratogenic effects of these medications, extensively reviewed in the National Asthma Education and Prevention Program guidelines, 45 are a perennial concern not well supported by large, well-controlled, and well-designed studies. The possible teratogenic risk of uptitration of medication is outweighed by the significant harm to mother and fetus when asthma is uncontrolled. For example, in one large study of over 36,000 pregnancies the prevalence of congenital malformation increased from 12.0% to 19.1% among asthmatic women with severe exacerbations during the first trimester vs women with asthma who did not experience an exacerbation. 20 
Titration of Daily Inhaler Regimen
Similar to management of asthma outside of pregnancy, frequent re-assessment of symptoms guides a stepwise approach to inhaler use. Use of validated tools, such as the Asthma Control Test (ACT), the ACQ, and the Global Initiative for Asthma (http://ginasthma.org/2 017-gina-report-global-strategy-for-asthmamanagement-and-prevention/) classification, facilitates quantitative symptom assessment. Recently, a pregnancy-specific ACT (the p-ACT) was validated for telephone administration. 67 Importantly, for primary health-care settings in which spirometry may not be readily available, the ACQ and Global Initiative for Asthma assessments correlate with spirometric lung function. 68 Measurement of baseline spirometry is advised by guidelines, however, and aids in ruling out asthma mimics. Stepwise titration of controller therapies can also be guided by peak expiratory flow, which increases with each trimester in women without asthma 5 and also in women with asthma when it is well controlled. 69 Prior to adding therapy or increasing dosage, inhaler technique should be assessed and corrected. Up to one-third of dry powder inhaler users make insufficient inspiratory effort, and one-fourth of metered-dose inhaler users actuate before inhalation. These mistakes and others were associated with poor asthma control in the Critical Inhaler Mistakes and Asthma Control (CRITIKAL) study. 70 The emphasis on SABA, ICS, and LABA therapy is borne out by epidemiologic studies of prescribing patterns across Europe, which show that SABA and Budesonide is the ICS with the greatest amount of safety evidence; however, other ICS are also safe and should be continued if a pregnant patient whose asthma is well controlled is already using them. A retrospective study of > 5,000 pregnancies exposed to first-trimester ICS showed no increase in the overall risk of major congenital malformations for fluticasone propionate vs other ICS. 76 Another study of salmeterol vs formoterol and fluticasone vs budesonide revealed no evidence of greater safety for one LABA or ICS over another. 77 
Other Asthma Medications
The leukotriene receptor antagonists montelukast and zafirlukast are considered safe medications due to reassuring animal data 45 and no evidence of major congenital malformations in humans. 78, 79 In contrast, zileuton was associated with teratogenicity in animal studies and should be avoided.
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Theophylline can be continued in pregnancy, but its use carries the added burden of monitoring to ensure that serum concentrations remain between 5 and 12 mg/mL to avoid toxicity. 45 Its use can also increase the risk of formoterol toxicity.
Omalizumab pregnancy registry data (The Xolair Pregnancy Registry [EXPECT]) indicate no increase in major congenital malformations, prematurity, or small-for-gestational-age births, but omalizumab should not be started in pregnancy due to risk of anaphylaxis.
Exacerbation Treatment
Treating an acute exacerbation of asthma is similar for pregnant and nonpregnant patients ( Table 6 ). The first step in management is to identify the severity of the exacerbation and risk factors for respiratory failure. If close clinical follow-up is arranged, patients with mild exacerbations can be managed as an outpatient or discharged from the ED. For moderate and severe cases, inpatient monitoring is warranted.
Beta-agonist bronchodilators and systemic corticosteroids are mainstays of treatment of acute exacerbations. 81 Bronchodilators in patients with unstable disease can be delivered initially up to every 20 min; in severe cases, continuous delivery can be provided in an ICU setting. Systemic corticosteroids should be provided at the usual doses (Table 6 ) and early in the course of an exacerbation. Failure to adequately treat an acute exacerbation poses a much higher risk for the pregnant patient and fetus than does utilization of these standard medications.
Although systemic corticosteroids are associated with some risk, including a small increased risk (from 0.1% to 0.3%) of cleft palate if given in the first trimester, the risks associated with unstable asthma are deemed higher. As previously discussed, risks of poorly controlled asthma include preeclampsia and low birth weight, and in severe cases maternal and fetal demise. 30, 45 In contrast to the standard treatments, epinephrine infusions may compromise utero-placental perfusion and should be avoided. Helium-oxygen mixtures (heliox) are of low risk, but demonstrated efficacy for pregnant patients is lacking. 82 Similarly, the efficacy of IV magnesium in acute exacerbations remains unclear for pregnant and nonpregnant patients alike, especially for nonsevere exacerbations; pregnancy per se, however, is not a contraindication to its use if serum levels are monitored (not to exceed 5 nmol/L) and respiratory fitness is serially assessed.
An assessment of oxygenation, potential respiratory fatigue, and circulating volume is critical. Oxygen saturation should be maintained > 95%. Because pregnant patients normally have a physiologic compensated respiratory alkalosis with a PCO 2 range of 28 to 32 mm Hg, a seemingly normal PCO 2 on blood gas testing represents an acute respiratory acidosis and typically signals impending respiratory failure. Frank acidemia is a sign of imminent danger to mother and fetus. Both cases warrant ICU-level care and should include close monitoring of the mother and fetus by obstetrics.
The successful use of noninvasive positive pressure ventilation in pregnancy has been described in small case series and case reports for indications other than asthma 83, 84 and in one case report in a pregnant woman with asthma exacerbation. 85 Aspiration and precipitous deterioration are major concerns with the use of noninvasive ventilation in pregnant women, and given the paucity of data, noninvasive ventilation cannot be conclusively recommended in all pregnant women presenting with an asthma exacerbation. The use of noninvasive ventilation in select cases may be appropriate in the hands of an experienced clinician. Intubation and mechanical ventilation are indicated for any sign of respiratory failure, whether from hypercarbia, hypoxemia, or respiratory fatigue. Intubation should be performed by a practitioner well versed in the biologic changes of pregnancy, which increase intubation risks due to pregnancy-related airway hyperemia, aspiration, and precipitous development of hypoxemia. If necessary, euvolemia should be maintained with IV fluids, and hypotension that may ensue with positive pressure ventilation and sedation should be anticipated.
Ventilator settings must be adjusted to minimize airtrapping, also known as dynamic hyperinflation, or autopositive end expiratory pressure (auto-PEEP), which creates exceedingly high intrathoracic pressures resulting in hypotension and volutrauma/barotrauma. Low minute ventilation with prolonged expiratory time avoids hyperinflation 86 and is achieved with low tidal volumes (6-8 mL/kg), low respiratory rate (8-12 breaths/min), and high inspiratory flow rates (up to 100 L/min in some cases). Although maintenance of normal pregnancy PCO 2 of 28 to 32 mm Hg is ideal, hypercapnia may be unavoidable, and tolerance of PCO 2 levels sometimes as high as 100 mm Hg has become the accepted ventilator strategy in patients with asthma who are not pregnant. 87, 88 Permissive hypercapnia in pregnancy is controversial, as carbon dioxide transfer from fetal to Facilitate avoidance of hyperinflation using a prolonged expiratory time ventilation strategy, including low tidal volumes (6-8 mL/kg), low (Continued) Table 4 legend for expansion of other abbreviation.
chestjournal.org maternal circulation is gradient dependent, and fetal acidosis reduces oxygenation of fetal hemoglobin. However, fetal acidosis produced by maternal hypercapnia in the absence of hypoxia may be tolerated differently or better than fetal metabolic acidosis produced by hypoxic insult; indeed, the umbilical artery lactate level is a more discriminant measure of neonatal morbidity than pH alone. 89 A case series of five women ventilated by using a permissive hypercapnia strategy reported good pregnancy outcomes, including deliveries of apparently healthy term neonates. 90 For patients who fail the aforementioned ventilator strategies and maximum pharmacologic treatments, extracorporeal membrane oxygenation (ECMO) has been described in nonpregnant patients with asthma 91 and in one case report of a pregnant woman with asthma. 92 A case series of 12 pregnant and postpartum women who underwent ECMO for ARDS due to H1N1 influenza reported 66% mortality in mothers and 71% in fetuses, with maternal mortality due to bleeding complications. 93 Consideration of ECMO in pregnancy should be undertaken in extreme circumstances at a center experienced in ECMO delivery. Other modalities of extracorporeal life support include extracorporeal carbon dioxide removal (ECCO 2 R) devices, which are currently being tested at the frontier of mechanical ventilation for ARDS. 94 ECCO 2 R cannula placement is less traumatic than ECMO and can be used without a pump. With further study, ECCO 2 R may prove useful in conditions such as status asthmaticus, in which full oxygenation and circulatory support via the traditional ECMO circuit are not required.
Overall, improving the status of the mother is the most important intervention for the fetus. In addition to therapies aimed at normalizing pulmonary and cardiovascular function, involvement of an obstetrician is recommended because fetal monitoring may be indicated. A case series of 10 nonasthmatic women who gave birth while undergoing mechanical ventilation showed modest improvement in respiratory function for some, but not all, with no characteristics identifying which patients benefit from delivery of the fetus. 95 
Conclusions
Effective management of asthma in pregnancy offers the rewarding opportunity to positively influence the health of both mother and child. Studies continue to indicate that poor asthma control, particularly early in pregnancy, drives abnormal placental development and epigenetic changes in the fetus, modifying obstetric outcomes as well as downstream rates of childhood asthma. Thus, comprehensive education, modification of environmental triggers, and titration of asthma medication should ideally begin prior to conception in all women with asthma who are of reproductive age. During pregnancy, worsening asthma symptoms should be minimized aggressively via medication uptitration rather than risk poor asthma control and asthma exacerbations. Treatment guided by a supportive multidisciplinary team, objective data, and frequent clinic visits facilitates improved outcomes.
